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QQq¯q¯ in a chiral constituent quark model
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Department of Physics and Jiangsu Key Laboratory for Numerical Simulation of Large Scale Complex Systems,
Nanjing Normal University, Nanjing 210023, P. R. China
Inspired by Ξcc reported by LHCb Collaboration and X(5568) reported by D0 Collaboration, the
QQq¯q¯ (Q = c, b, q = u, d) tetraquark states, are studied in the present work. With the help of
gaussian expansion method, two structures, diquark-antiquark and meson-meson, with all possible
color configurations are investigated systematically in a chiral quark model to search for the possible
stable states. The results show that there is no bound state in the isovector QQq¯q¯ system, while there
are rather deep bound states in the isoscalar bbq¯q¯, ccq¯q¯ and bcq¯q¯ systems. Mixing two structures of
diquark-antidiquark and meson-meson can introduce more attractions and convert some unbound
isoscalar states into shallow bound states. The large mass of the heavy quark is beneficial to the
formation of the bound state. The separations between quarks are calculated to unravel the spacial
structure of the system.
PACS numbers:
I. INTRODUCTION
Since the exotic state X(3872) first observed by Belle
collaboration [1], Belle and other collaborations have re-
ported a lot of “XY Z” particles [2–4], which stimulated
many researches on hadron spectrum. It’s well known
that quantum chromodynamics (QCD) is the underly-
ing approach of strong interaction, and in principle QCD
allows the existence of exotic states: multiquark states,
hybrid states and glueball. However, due to the nonper-
turbtive properties of QCD in the low energy region, it
is unavailable for us to use it to study the hadron struc-
tures and the hadron-hadron interactions directly. The
study of exotic states can provide much essential infor-
mation, which is absent in the ordinary qqq baryons and
qq¯ mesons, on low energy QCD.
In 2016, D0 collaboration observed a narrow structure
in the B0spi
± invariant mass spectrum with 5.1σ signifi-
cance. Its mass and width areM = 5567.8±2.9+0.9−1.9 MeV
and Γ = 21.9 ± 6.4+5−2.5 MeV [5]. Because of the B0spi±
decay mode, X(5568) was interpreted as sub¯d¯ or sdb¯u¯
tetraquark state. But LHCb collaboration got negative
result about X(5568) [6]. Nevertheless, the D0 collabo-
rations new result still insisted on the existence of this
tetraquark X(5568) [7]. Inspired by the discussions on
X(5568), its partner state with quark content bsu¯d¯ is
proposed afterwards [8, 9]. One year later, LHCb col-
laboration reported a double charmed baryon Ξ++cc with
masss M = 3621.4± 0.78 MeV, which 100 MeV heavier
than what SELEX collaboration reported [10]. Which is
close to our group’s results [11, 12]. The existence of Ξ++cc
may imply the existence of the stable QQq¯q¯ system.
Although lacking experimental information regarding
to QQq¯q¯ system, theoretical researches on this topic have
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a long history [8, 9, 12–22]. Manohar and Wise ob-
tained a weakly bound two-meson state bbq¯q¯ using one-
pion exchange [13]. Moinester proposed to search for
the doubly charmed tetraquarks experimentally as early
as the 1990s [15]. Yang et al. systematically studied
QQq¯q¯ system by using several versions of quark mod-
els, and pointed out that iso-scalar bbq¯q¯, ccq¯q¯ states are
deep bound states, and ssq¯q¯ states are scattering states
[12]. Karliner et al. estimated the energy of QQ, Qq
and qq from the experimental data of QQ¯, Qq¯ and qq¯
mesons according to relation between quark-quark and
quark-antiquark. Based on this method, they got Ξ++cc ’s
mass which was very close to experimental value and pre-
dicted the existence of QQq¯q¯ [21]. Eichten et al. likened
lowest-lying tetraquark configuration as atom (QQ is the
”nuclus” while q¯q¯ is electron). By heavy-quark sym-
metry, they predicted that bbq¯q¯ must be stable system
[22]. Recently Carame´s et al. got two bound states in
the bcq¯q¯ system by two different methods [23]. In ad-
dition, after replacing bq¯qs¯ by qqs¯b¯, Chen et al. got a
bound state in the chiral quark model [8]. Huang et al.
used quark delocalization color screening model which
intermediate-range attraction is provided by quark de-
localization and color screening to study qqs¯b¯ and qsq¯b¯
system, and they found that the tetraquarks composed of
qqs¯b¯ is more possible to form bound states than the one
composed of qsq¯b¯ [9]. Very recently, Yang studied QQq¯q¯
system in a chiral quark model by using complex scaling
method, several bound states and resonance states were
obtained [24].
The QCD inspired quark models successfully describe
hadron spectrum, of which the chiral quark model is
most popular. In this paper, we use chiral constituent
quark model to systematically calculate QQq¯q¯ with the
help of gaussian expansion method. Different from the
other’s work [21, 22], we consider two kinds of structures,
meson-meson and diquark-antiquark, and their mixing.
All the possible color and spin configurations are also
taken into account. The necessity for mixing the two dif-
ferent structures is that it is not economic way to use
2one structure to form a complete set of states because all
the possible excited states have to be included. Coupling
the important structures to enlarge the model space is a
good choice for few-quark systems in the low-energy re-
gion. In addition, the root mean square distance between
quarks/antiquarks are calculated to unravel the structure
of the states if they are bound ones.
The paper is organized as follows. In section II, the
chiral quark model and the wave-function of QQq¯q¯ sys-
tems are presented. The numerical results are given in
Sec. III. The last section is devoted to the summary of
the present work.
II. CHIRAL QUARK MODEL AND
WAVE-FUNCTION OF QQq¯q¯ SYSTEM
A. Chiral quark model
The chiral quark model has been successful both in
describing the hadron spectra and hadron-hadron inter-
actions. The details of the model can be found in Ref.
[8, 25–27]. The Hamiltonian of the chiral quark model
consists of quarks mass, kinetic energy, and three kinds
of potentials, color confinement, one-gluon-exchange and
Goldstone boson exchange. The Hamiltonian for four-
quark system is written as,
H =
4∑
i=1
mi +
p212
2µ12
+
p234
2µ34
+
p21234
2µ1234
+
4∑
i<j=1

V Gij + V Cij + ∑
χ=pi,K,η,σ
V χij

 ,
(1)
Where m is the constituent masse of quark(antiquark),
and µ is the reduced masse of two interacting quarks or
quark-clusters.
µij =
mimj
mi +mj
,
µ1234 =
(m1 +m2)(m3 +m4)
m1 +m2 +m3 +m4
, (2)
and pij =
mjpi−mipj
mi+mj
, p1234 =
(m3+m4)p12−(m1+m2)p34
m1+m2+m3+m4
.
The first potential is the color confinement, the
quadratic form is used here,
V Cij = (−acr2ij −∆)λci · λcj . (3)
The second potential is the effective smeared one-gluon
exchange interaction,
V Gij =
αs
4
λ
c
i · λcj
[
1
rij
− 2pi
3mimj
σi · σjδ(rij)
]
(4)
δ(rij) =
e−rij/r0(µij)
4pirijr20(µij)
, r0(µij) =
r0
µij
.
TABLE I: Quark Model Parameters (mpi = 0.7 fm, mσ = 3.42
fm, mη = 2.77 fm, mK = 2.51 fm).
Quark masses mu = md(MeV) 313
ms(MeV) 536
mc(MeV) 1728
mb(MeV) 5112
Goldstone bosons Λpi = Λσ(fm
−1) 4.2
Λη = ΛK(fm
−1) 5.2
g2ch/(4pi) 0.54
θp(
◦) -15
Confinement ac(MeV) 101
∆(MeV) -78.3
µc(MeV) 0.7
OGE α0 3.67
Λ0(fm
−1) 0.033
µ0(MeV) 36.976
rˆ0(MeV) 28.17
The third potential is the Goldstone boson exchange,
coming from the effects of the chiral symmetry sponta-
neous breaking of QCD in low-energy region.
V piij =
g2ch
4pi
m2pi
12mimj
Λ2pi
Λ2pi −m2pi
mpiv
pi
ij
3∑
a=1
λai λ
a
j ,
V Kij =
g2ch
4pi
m2K
12mimj
Λ2K
Λ2K −m2K
mKv
K
ij
7∑
a=4
λai λ
a
j ,
V ηij =
g2ch
4pi
m2η
12mimj
Λ2η
Λ2η −m2η
mηv
η
ij[
λ8i λ
8
j cos θP − λ0i λ0j sin θP
]
,
V σij = −
g2ch
4pi
Λ2σ
Λ2σ −m2σ
mσ
[
Y (mσrij)− Λσ
mσ
Y (Λσrij)
]
vχij =
[
Y (mχrij)−
Λ3χ
m3χ
Y (Λχrij)
]
σi · σj ,
Y (x) = e−x/x. (5)
In the above formula, σ are the SU(2) Pauli matrices; λ,
λ
c are SU(3) flavor, color Gell-Mann matrices, respec-
tively; αs is an effective scale-dependent running cou-
pling,
αs(µij) =
α0
ln
[
(µ2ij + µ
2
0)/Λ
2
0
] , (6)
All the parameters are determined by fitting the meson
spectrum, from light to heavy, taking into account only a
quark-antiquark component. They are shown in Table I.
3B. The wave-function of QQq¯q¯ system
The QQq¯q¯ system has two structures, meson-meson
and diquark-antidiquark, and the wave function of each
structure all consists of four parts: orbit, spin, flavor
and color wave functions. In addition, the wave function
of each part is constructed by coupling two sub-clusters
wave functions. Thus, the wave function for each channel
will be the tensor product of orbit (|Ri〉), spin (|Sj〉),
color (|Ck〉) and flavor (|Fl〉) components,
|ijkl〉 = A|Ri〉 ⊗ |Sj〉 ⊗ |Ck〉 ⊗ |Fl〉 (7)
A is the antisymmetrization operator.
1. orbit wave function
The total wave function consists of two sub-clusters or-
bit wave functions and the relative motion wave function
between two sub-clusters.
|R1〉 = [[Ψl1(r12)Ψl2(r34)]l12ΨLr(r1234)]LML
|R2〉 = [[Ψl1(r13)Ψl2(r24)]l12ΨLr(r1324)]LML . (8)
Where the bracket ”[ ]” indicates angular momentum
coupling, and the ”L” means total orbit angular mo-
mentum coupled by Lr, relative motion angular momen-
tum, and ”l12” coupled by ”l1” and ”l2”, sub-cluster
angular momenta. In addition, we use ”|R1〉” denotes
meson-meson structure while ”|R2〉” denotes diquark-
antidiquark structure. In GEM, the radial part of spatial
wave function is expanded by Gaussians [28]:
R(r) =
nmax∑
n=1
cnψ
G
nlm(r), (9a)
ψGnlm(r) = Nnlr
le−νnr
2
Ylm(rˆ), (9b)
where Nnl are normalization constants,
Nnl =
[
2l+2(2νn)
l+ 3
2√
pi(2l+ 1)
] 1
2
. (10)
cn are the variational parameters, which are determined
dynamically. The Gaussian size parameters are chosen
according to the following geometric progression
νn =
1
r2n
, rn = r1a
n−1, a =
(
rnmax
r1
) 1
nmax−1
. (11)
This procedure enables optimization of the ranges using
just a small number of Gaussians.
2. spin wave function
Because of no difference between spin of quark and
antiquark, the meson-meson structure has the same total
spin as the diquark-antidiquark structure. The spin wave
functions of the cluster are shown below.
χσ11 = αα, χ
σ
10 =
1√
2
(αβ + βα), χσ1−1 = ββ,
χσ00 =
1√
2
(αβ − βα), (12)
According to Clebsch-Gordan coefficient table, total spin
wave function can be written below.
|S1〉 = χσ10 = χσ00χσ00,
|S2〉 = χσ20 =
√
1
3
(χσ11χ
σ
1−1 − χσ10χσ10 + χσ1−1χσ11),
|S3〉 = χσ11 = χσ00χσ11, (13)
|S4〉 = χσ21 = χσ11χσ00,
|S5〉 = χσ31 =
1√
2
(χσ11χ
σ
10 − χσ10χσ11),
|S6〉 = χσ12 = χσ11χσ11.
Where the subscript of ”χσiS ” denotes total spin of the
tretraquark, and the superscript is the index of the spin
function with fixed S.
3. flavor wave function
The flavor wave functions of the sub-clusters for two
structures are shown below,
χfm1
2
1
2
= Qd¯, χfm1
2
− 1
2
= −Qu¯, Q = b, c, s (14)
χfd100 =
1√
2
(
u¯d¯− d¯u¯) , χfd200 = QQ, Q = b, c, s
χfd11 = d¯d¯, χ
fd
10 = −
1√
2
(
u¯d¯+ d¯u¯
)
, χfd1−1 = u¯u¯.(15)
Where the subscripts of χ
fm(d)i
IIz
are the isospin and its
third component, and superscripts denote the structure
and the index (if needed). The total flavor wave functions
can be written as,
|F1〉 = χfm10 =
1√
2
(
χfm1
2
1
2
χfm1
2
− 1
2
− χfm1
2
− 1
2
χfm1
2
1
2
)
,
|F2〉 = χfm21 = χfm1
2
1
2
χfm1
2
1
2
, (16)
|F3〉 = χfd10 = χfd200 χfd100 ,
|F4〉 = χfd21 = χfd200 χfd11 .
Where the subscript of χ
fm(d)i
I is total isospin.
44. color wave function
The colorless tetraquark system has four color struc-
tures, including 1⊗ 1, 8⊗ 8, 3⊗ 3¯ and 6⊗ 6¯,
|C1〉 = χm11⊗1 =
1√
9
(r¯rr¯r + r¯rg¯g + r¯rb¯b+ g¯gr¯r + g¯gg¯g
+ g¯gb¯b+ b¯br¯r + b¯bg¯g + b¯bb¯b),
|C2〉 = χm28⊗8 =
√
2
12
(3b¯rr¯b+ 3g¯rr¯g + 3b¯gg¯b+ 3g¯bb¯g
+ 3r¯gg¯r + 3r¯bb¯r + 2r¯rr¯r + 2g¯gg¯g + 2b¯bb¯b− r¯rg¯g
− g¯gr¯r − b¯bg¯g − b¯br¯r − g¯gb¯b− r¯rb¯b). (17)
|C3〉 = χd13¯⊗3 =
√
3
6
(rgr¯g¯ − rgg¯r¯ + grg¯r¯ − grr¯g¯ + rbr¯b¯,
− rbb¯r¯ + brb¯r¯ − brr¯b¯+ gbg¯b¯− gbb¯g¯ + bgb¯g¯ − bgg¯b¯),
|C4〉 = χd26⊗6¯ =
√
6
12
(2rrr¯r¯ + 2ggg¯g¯ + 2bbb¯b¯+ rgr¯g¯
+ rgg¯r¯ + grg¯r¯ + grr¯g¯ + rbr¯b¯+ rbb¯r¯ + brb¯r¯
+ brr¯b¯+ gbg¯b¯+ gbb¯g¯ + bgb¯g¯ + bgg¯b¯).
To write down the wave functions easily for each struc-
ture, the different orders of the particles are used. How-
ever, when coupling the different structure, the same or-
der of the particles should be used.
5. total wave function
In the present work, QQq¯q¯ and QQ′q¯q¯ (Q′ 6= Q) sys-
tems are all investigated. The antisymmetrization opera-
tors are different for different systems. For QQq¯q¯ system,
we have
A = 1− (13)− (24) + (13)(24) (18)
for meson-meson structure, and
A = 1− (12)− (34) + (12)(34) (19)
for diquark-antidiquark structure. For QQ′q¯q¯ system,
the antisymmetrization operator becomes
A = 1− (24) (20)
for meson-meson structure, and
A = 1− (34) (21)
for diquark-antidiquark structure. After applying the an-
tisymmetrization operator, some wave function will van-
ish, which means that the states are forbidden. For ex-
ample, IJP = 00+ bbq¯q¯ state is a forbidden state. All of
allowed channels are listed in Table II.
III. RESULTS
In the present calculation, we are interested in the pos-
sible bound states. all the angular momenta are set to 0.
TABLE II: All of allowed channels
.
QQq¯q¯ QQ′ q¯q¯
IJP channel IJP channel IJP channel IJP channel
00+ 10+ |1112〉 00+ |1111〉 10+ |1112〉
|1122〉 |1121〉 |1122〉
|1212〉 |1211〉 |1212〉
|1222〉 |1221〉 |1222〉
|2144〉 |2133〉 |2144〉
|2234〉 |2243〉 |2234〉
01+ |1311〉 11+ |1312〉 01+ |1311〉 11+ |1312〉
|1321〉 |1322〉 |1321〉 |1322〉
|1411〉 |1412〉 |1411〉 |1412〉
|1421〉 |1422〉 |1421〉 |1422〉
|1511〉 |1512〉 |1511〉 |1512〉
|1521〉 |1522〉 |1521〉 |1522〉
|2343〉 |2534〉 |2343〉 |2334〉
|2433〉 |2433〉 |2534〉
|2543〉 |2444〉
02+ 12+ |1612〉 02+ |1611〉 12+ |1612〉
|1622〉 |1621〉 |1622〉
|2634〉 |2643〉 |2634〉
The single channel and channel coupling calculations are
performed. For the bound state, the root mean square
distances between quark-quark/antiquark are also given
to unravel the structure of the state.
A. QQq¯q¯ system
In the iso-scalar section, the states with quantum num-
ber IJP = 00+ and 02+ are forbidden states, only 01+
states are allowed. The results for iso-scalar QQq¯q¯ states
with IJP = 01+ are shown in Tables III and IV. In the
table III, the second column gives the energies in the sin-
gle channel calculation. The third column gives the per-
centages of each channel for the lowest eigen-state which
energy is given in the row marked by “c.c.” in the channel
coupling calculation. The last row gives the thresholds
for QQq¯q¯ (Q = b, c, s) systems.
For bbq¯q¯ states, there are three channels have energies
lower than the threshold in the single-channel calcula-
tion, the lowest one appears in the diquark-antidiquark
structure with the light antidiquark being “good antidi-
quark” [29]. The channel-coupling pushes down the low-
est energy 20 MeV and pushes other states above the
the threshold. The binding energy of the bound state is
∼ 311 MeV. The percentages of channels in the lowest
eigen-state show that the main component is diquark-
antidiquark structure with color configuration 3¯⊗3. The
distances between quarks (antiquarks) (see Table IV tell
us again that the bound state has diquark-antidiquark
structure, rQQ = 0.3 fm, rq¯q¯ = 0.4 fm and rQq¯ = 0.6 fm.
For ccq¯q¯ states, there is one channel has energy lower
than the threshold in the single-channel calculation, it is
the diquark-antidiquark structure with color configura-
tion 3¯⊗ 3. The channel-coupling shifts the lowest energy
30 MeV downwards. We obtain the binding energy of the
5TABLE III: The energies of iso-scalar QQq¯q¯ (Q = s, c, b) sys-
tem with IJP = 01+. “c.c.” stands for channel-coupling.
channel bbq¯q¯ ccq¯q¯ ssq¯q¯
|1311〉 10590.2 8.07% 3843.8 9.18% 1410.9 42.92%
|1321〉 10765.6 0.87% 4168.6 0.96% 2060.0 0.08%
|1411〉 10590.2 8.07% 3843.8 9.18% 1410.9 42.92%
|1421〉 10765.6 0.87% 4168.6 0.96% 2060.0 0.08%
|1511〉 10629.6 24.70% 3961.7 9.58% 1830.2 3.94%
|1521〉 10738.3 3.31% 4102.2 3.37% 1903.3 1.03%
|2343〉 10763.2 0.01% 4134.6 0.05% 2048.5 0.57%
|2433〉 10304.6 54.09% 3709.3 66.71% 1636.4 8.46%
c.c. 10282.9 3660.8 1398.6
Threshold 10600.5 3843.1 1407.7
bound state ∼ 182 MeV. The percentages of channels in
the lowest eigen-state and the distances between particles
advocate that the dominant structure of the bound state
is the diquark-antidiquark structure with color configura-
tion 3¯⊗ 3. For ssq¯q¯ states, all the channels have energies
larger than the threshold in the single-channel calcula-
tion. However, the channel-coupling plays an important
role and it leads to emergence of a bound state, with
binding energy ∼ 9 MeV. The percentages of channels in
the lowest eigen-state and the distances between quarks
(antiquarks) claim that the bound state is a molecule,
rQQ = 2.10 fm, rq¯q¯ = 2.13 fm and rQq¯ = 1.58 fm. One
can see that the distance between s and q is larger in
four-quark system than that in the meson Qq¯. The rea-
son for the large separation is due to the antisymmetriza-
tion, If we give up the antisymmetrization, it is reason-
able here because the separation between two Q’s (q¯’s)
is large, the distance between Q and q¯ in one cluster is
0.53 fm. To illustrate the results for QQq¯q¯ (Q = b, c, s)
systems with IJP = 01+, the spacial structures of the
systems are shown in Fig. 1. From the figure, we can see
that the systems take the 3-dimensional structure, and
prefers the diquark-antidiquark structure with Q = b, c
(Fig.1(a),1(b)), and the size of the four-quark object in-
creases with the decreasing mass ofQ. When the distance
between quarks (antiquarks) is larger than the confine-
ment scale (∼ 1 fm), the system is transferred to meson-
meson structure (Fig. 1(c)). To show what is the crit-
ical heavy quark mass for this “phase transition”, the
variation of separations between particles with the heavy
quark mass mQ is presented in Fig. 2. The critical heavy
quark mass can be read from Fig. 2, mQ(critical) ∼ 600
MeV. It is a second-order phase transition.
To find which interaction leads to the form of bound
states, the contribution of each terms in the system
hamiltonian to the total energy of the system are tab-
ulated in Table V. The one-gluon-exchange interaction
is separated into two terms, color Coulomb (Coul) and
TABLE IV: The distances between particles for the lowest
eigen-states of QQq¯q¯ (Q = s, c, b) system with IJP = 01+
(unit: fm).
r12 r13 r14 r23 r24 r34
bq¯bq¯ 0.6 0.3 0.6 0.6 0.4 0.6
cq¯cq¯ 0.7 0.5 0.7 0.7 0.6 0.7
sq¯sq¯ 1.58 2.10 1.58 1.58 2.13 1.58
cc
bb
d
d
uu
s
s
u
d
(c)
(a)
(b)
FIG. 1: the spacial structures of QQq¯q¯ system with IJP =
01+.
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FIG. 2: The variation of the distances between quarks (anti-
quarks) with the mass of heavy quark.
color magnetic interaction (CMI). V K makes no contri-
bution to the system which is not listed in the table.
From the table, we can see that the major contribution
to attraction of the system is from pi-meson exchange
potential, the major contribution to repulsion is the ki-
netic energy. Because the compactness increases with
6TABLE V: Contributions of each terms in Hamiltonian to the
energy of the system. “c.c.” donates the full channel coupling
and “t.m.” means the two free mesons. (unit:MeV).
mQ T V
C
V
Coul
V
CMI
V
pi
V
η
V
σ
1400 c.c. 1457.7 −419.6 −648.9 −361.2 −437.1 64.1 −39.0
t.m. 951.0 −392.1 −631.4 −165.2 0.0 0.0 0.0
∆E +506.7 −27.5 −17.5 −196.0 −437.1 +64.1 −39.0
800 c.c. 1492.8 −389.3 −675.2 −446.6 −292.1 24.2 −24.1
t.m. 1203.8 −385.3 −680.6 −375.1 0.0 0.0 0.0
∆E +289.0 −4.0 +5.4 −71.5 −292.1 +24.2 −24.1
500 c.c. 1583.8 −365.6 −724.5 −654.9 −71.5 −50.8 −6.0
t.m. 1522.9 −366.3 −728.4 −652.1 0.0 −67.5 0.0
∆E +50.9 −0.7 +3.9 -2.8 -71.5 −16.7 −6.0
TABLE VI: The energies of iso-vector QQq¯q¯ (Q = s, c, b)
systems (unit: MeV).
state IJP c.c. Threshold status
bbq¯q¯ 10+ 10561.9 10561.4 ub
11+ 10600.8 10600.5 ub
12+ 10639.6 10639.0 ub
ccq¯q¯ 10+ 3725.9 3724.5 ub
11+ 3844.3 3843.2 ub
12+ 3962.5 3961.0 ub
ssq¯q¯ 10+ 987.0 983.5 ub
11+ 1408.9 1407.8 ub
12+ 1830.5 1827.0 ub
the increase of heavy quark mass, the Goldstone-boson-
exchange will become strong when the mass of heavy
quark goes high. However, the strong attraction from
the Goldstone-boson-exchange will be neutralized by the
kinetic energies, which will be more repulsive when the
mQ becomes large. Fortunately the color-magnetic inter-
action always contributes the sizable attraction for the
heavier system, and for the lighter system, other terms,
V η and V σ supplements the attraction to bind the sys-
tem.
In the iso-vector section, all the states with quantum
number IJP = 00+, 01+ and 02+ are allowed states.
The results of channel coupling calculation are shown in
Tables VI. The energies of all the eigen-states are above
the thresholds, no bound state is found. Comparing with
iso-scalar states, the light antidiquark in iso-vector states
is “bad antidiquark”, the color-magnetic interaction in
the one-gluon-exchange is repulsive in this case, which
destroy the antidiquark structure, so un-binding of states
is understandable.
TABLE VII: The energies of iso-scalar QQ′q¯q¯ (Q,Q′ = s, c, b)
systems. “c.c.(M-M)”, “c.c.(D-A)” and “c.c.(full)” stand
for channel-coupling in meson-meson structure, diquark-
antidiquark structure and two structures mixing (unit: MeV).
channel bcq¯q¯ bsq¯q¯ csq¯q¯
IJP = 00+
|1111〉 7139.8 41.02% 5775.5 93.54% 2358.1 95.20%
|1121〉 7518.1 0.10% 6472.6 0.16% 3117.9 0.22%
|1211〉 7295.5 26.92% 6234.6 9.32% 2896.1 0.44%
|1221〉 7346.6 0.16% 6269.4 0.33% 2871.4 0.01%
|2133〉 7011.5 31.64% 6014.6 4.67% 2660.3 3.20%
|2243〉 7426.1 0.16% 6391.2 0.94% 2983.3 0.55%
c.c.(M-M) 7134.1 5774.6 2357.2
c.c.(D-A) 7005.4 5995.3 2619.1
c.c.(full) 6965.1 5756.1 2342.1
Threshold 7143.5 5775.1 2356.8
IJP = 01+
|1311〉 7259.3 15.26% 6195.6 0.16% 2777.9 0.39%
|1321〉 7517.5 0.01% 6475.8 0.01% 3132.8 0.03%
|1411〉 7179.3 29.95% 5814.4 93.11% 2476.2 94.49%
|1421〉 7521.2 0.01% 6478.0 0.15% 3131.6 0.17%
|1511〉 7298.8 21.11% 6234.7 0.25% 2896.2 0.46%
|1521〉 7431.2 0.01% 6373.3 0.19% 3019.8 0.07%
|2343〉 7479.9 0.00% 6502.7 0.00% 3134.0 0.19%
|2433〉 7022.3 33.22% 6027.9 4.90% 2694.3 3.75%
|2543〉 7453.1 0.01% 6448.2 0.71% 3060.2 0.44%
c.c.(M-M) 7174.5 5813.9 2475.9
c.c.(D-A) 7020.1 6017.9 2683.5
c.c.(full) 6983.1 5797.7 2465.3
Threshold 7182.3 5813.8 2474.7
IJP = 02+
|1611〉 7297.4 99.67% 6234.0 99.52% 2895.4 99.74%
|1621〉 7625.2 0.06% 6601.7 0.10% 3262.1 0.20%
|2643〉 7502.8 0.28% 6545.5 0.38% 3185.9 0.06%
c.c.(M-M) 7297.4 6233.9 2895.4
c.c.(D-A) 7502.8 6537.6 3185.9
c.c.(full) 7296.2 6233.7 2895.2
Threshold 7300.1 6233.2 2894.1
B. QQ′q¯q¯ system
Because Q and Q′ are different quarks and the QQ′q¯q¯
system does not have strict symmetry constraint, all the
states with possible quantum numbers are all allowed.
The results for iso-scalar and iso-vector QQ′q¯q¯ states
with all possible quantum numbers are given in Tables
VII-VIII.
For iso-scalar bcq¯q¯ systems, the states with quantum
number IJP = 00+, 01+ and 02+ are all bound states.
In the single channel calculation, the meson-meson states
7TABLE VIII: The energies of iso-vector QQ′q¯q¯ (Q,Q′ =
s, c, b) systems. ’c.c.’ stands for full channel coupling (unit:
MeV).
state IJP c.c. Threshold status
bcq¯q¯ 10+ 7144.5 7143.5 ub
11+ 7183.5 7182.3 ub
12+ 7301.2 7300.1 ub
bsq¯q¯ 10+ 5777.1 5775.1 ub
11+ 5815.9 5813.8 ub
12+ 6235.3 6233.2 ub
csq¯q¯ 10+ 2359.3 2356.8 ub
11+ 2477.2 2474.7 ub
12+ 2986.7 2894.1 ub
BD with J = 0, B∗D with J = 1, B∗D∗ with J = 2 are
bound, and diquark-antidiquark states with “good” an-
tidiquark and J = 0, 1 are also bound with even larger
binding energies. Other states are all unbound. The
channel coupling in one structure lower the energies of
the bound states several MeV, generally. For B∗D∗
with J = 2, the hidden-color channel does not help.
The channel coupling with two structures increases the
binding energies of the states further. At last the state
with IJP = 01+ has the largest binding energy, ∼ 199
MeV, which is far smaller than that for bbq¯q¯ state with
IJP = 01+, and a little larger than that for ccq¯q¯. The
phenomenon infers that the attraction, which is provided
by the light antiquark, and are almost the same in these
systems, the differences come from the kinetic energy
terms, where the different masses of heavy quark play
a role. The state with IJP = 00+ has the second large
binding energy, ∼ 178 MeV, the states with IJP = 00+
and IJP = 01+ have the diquark-antidiquark structure,
and the state with IJP = 02+ is just bound with bind-
ing energy ∼ 4 MeV, the spacial structure is approach-
ing the molecular one. For iso-scalar bsq¯q¯ systems, all
the energies of states in single channel calculation are
above the corresponding thresholds. For the states with
IJP = 00+, the channel coupling in meson-meson struc-
ture obtains a bound state with binding energy less than
1 MeV, the two structures mixing increase the binding
energy to 19 MeV. For the states with IJP = 01+, only
the channel coupling with two structures obtains a bound
state with binding energy 16 MeV. Two states have the
molecular structure. For the states with IJP = 02+, the
channel coupling is not strong enough to form a bound
state. The 00+ bsq¯q¯ state can be a candidate of X(5568)
partner, which with four different flavor, but with higher
mass, ∼ 5775 MeV. For iso-scalar csq¯q¯ systems, we have
the similar results with bsq¯q¯, only a molecular state with
IJP = 00+, and a molecular state with IJP = 01+, are
obtained after all channels in two structures are coupled,
the binding energies are ∼ 15 MeV and 9 MeV, respec-
tively.
For iso-vector QQ′q¯q¯ (Q,Q′ = b, c, s) systems, all the
states are unbound (see Table VIII).
IV. SUMMARY
In the framework of the chiral constituent quark model,
the tetra-quark systems with quark contents QQ(Q′)q¯q¯
are investigated with the help of GEM. All the possible
channels and two kinds of structure are coupled to search
for bound states. The dynamic calculation show that all
the iso-vector QQ(Q′)q¯q¯ system are scattering states be-
cause the isospin vector light antiquark are “bad” ones.
In the isospin scalar section, the bound states are abun-
dant. Due to constraint of symmetry, iso-scalar QQq¯q¯
system with IJP = 01+ is allowed only. bbq¯q¯ and ccq¯q¯
are deep bound states with 317.6 MeV and 182.3 MeV
binding energy. ssq¯q¯ could be a weak bound state with
9 MeV binding energy. On the other hand, for the iso-
scalar QQ′q¯q¯ system, the constraint of symmetry is re-
leased because of the two different heavy quarks, more
states are allowed. For the 00+ states, QQ′q¯q¯ states are
all bound states, bcq¯q¯ is a deep bound state with 178.4
MeV, bsq¯q¯ and csq¯q¯ are shallow ones with binding energy
14.7 MeV and 19 MeV, respectively. 01+ states are sim-
ilar to 00+ states, bcq¯q¯ is a deep bound state and bsq¯q¯
and csq¯q¯ are shallow ones. For 02+ states, only bcq¯q¯ is a
weak bound state with 3.9 MeV binding energy, whereas
the bsq¯q¯ and csq¯q¯ states are all scattering states. Two
structures mixing plays an important role in forming the
shallow bound states in 00+ and 01+ parts.
From our results, we found that the heavy quark mass
has great impact on the binding energy in the QQ(Q
′
)q¯q¯
system. When the heavy quark mass is more than
1000 MeV, a compact tetraquark can be formed, the pi-
exchange potential and color magnetic interaction con-
tribute the attraction if the light antidiquark is a “good”
antidiquark. While the heavy quark mass is less than
600 MeV, a molecular structure is possible. Is it possi-
ble for all light four-quark to form bound states? More
calculations are needed.
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